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Abstract— Ballast material typically employed in rail track 
bed construction has been herein physically and 
electromagnetically characterized. Several ground-penetrating 
radar (GPR) tests have been carried out in a laboratory 
environment, wherein a proper set-up was realized. Four GPR 
systems comprising five different central frequencies of 
investigation have been used for the measurements. The 
impacts brought to the values of relative dielectric permittivity 
by the combination of several parameters, namely, i) radar 
systems, ii) frequencies of investigation, iii) scenarios of ballast 
stones arrangement, and iv) methods of dielectric permittivity 
estimate, have been here analyzed. The results have proved the 
sensitivity of the antenna frequencies and radar systems here 
employed towards some critical factors.  
Index Terms—GPR, ground-penetrating radar, railway 
ballast, frequency of investigation, dielectric permittivity. 
I. INTRODUCTION 
Railway ballast is a very important component of a rail 
infrastructure as it must perform several key functions such 
as lowering the stresses applied to the weaker interfaces, 
resisting to the vertical, lateral, and longitudinal forces 
applied to the sleepers for maintaining the track position, and 
providing proper drainage of water from the track structure 
[1]. With regard to its mineralogy, it is a uniformly graded 
coarse aggregate made of crushed hard rock or, sometimes, 
crushed gravel material, where smaller mineral particles have 
been sieved away. It is placed between and immediately 
underneath the railway ties. 
Sub-ballast is instead a sand- or gravel-made material, 
which improves the drainage properties and the distribution 
of the applied train loading over the subgrade. Generally 
speaking, the ballast and sub-ballast system is considered as 
a granular layer with a design thickness ranging between 0.45 
m and 0.75 m, and it can be frequently found in rehabilitated 
and newly constructed lines, while old rail infrastructures 
mostly consist of only one ballast layer above the subgrade 
[2]. In addition, a filtering layer, generally consisting of a 
concrete slab or a geotextile, is arranged at the sub-ballast (if 
any) - subgrade interface in new railroads, while in old 
railways the ballast or the sub-ballast layer lies directly over 
the subgrade. 
One of the major problems affecting ballast is related to 
the formation of fouling, which is a contamination of fine 
material and metal dust filling the voids within the ballast 
grains. Fouling can be basically attributed to three main 
factors; namely, i) the abrasion of the ballast grains due to the 
contact points between the stones, ii) the loss of metal dust in 
the contact between train wheels and rails, and iii) the 
capillary rise of fine materials due to groundwater presence 
in the subsurface. The detection of ballast fouling is of 
primary importance, since when it reaches a specific content, 
the structural integrity and the drainage ability of the ballast 
system can be affected. This implies track instability, which 
in turn may lead to train derailments. Therefore, it is very 
important to provide an early detection of ballast fouling in 
terms of track bed stability, safety and efficient renewal 
planning. 
In line with the above, railway engineering increasingly 
needs to use even more time-efficient and cost-effective 
technologies capable of minimizing the time and cost of 
interventions. According to this, ground-penetrating radar 
(GPR) seems to be the most promising technique for non-
destructively and rapidly detecting railroad substructures. 
Such non-destructive testing (NDT) technology has proven 
to be one of the most reliable geophysical inspection tools 
spanning a wide range of application areas from planetary 
explorations [3], to civil and environmental engineering [4], 
from geology [5] and archaeology [6], to forensics and public 
safety [7]. By using GPR it is possible to detect the main 
physical properties of the subsurface through the 
transmission/reception of electromagnetic (EM) waves in a 
given frequency band [8]. Within the transport engineering 
area, several applications can be found: i) in pavement 
engineering [9], for both bound [10]−[13] and unbound 
[14]−[16] flexible pavement layers, concrete pavements [17], 
and subgrade soils [18], [19]; ii) in airfield engineering [20]; 
and iii) applications focused on the monitoring of critical 
infrastructures, such as bridges [21], [22] and tunnels [23]. 
Within the area of railway engineering, the use of GPR has 
increased over the past 25 years, and it has seen several 
attempts at setting the proper center frequency of 
investigation. According to [24], the first attempt at using 
GPR in railway engineering can be traced back to 1985 [25], 
and involved the use of 500 MHz ground-coupled antennas 
mounted between the rails. Many difficulties in the 
interpretation of the results were experienced here due to the 
low resolution of the images produced. Higher frequency air-
coupled antennas, mostly of 1000 MHz [26], [27], have 
instead been widely used in the following years. More 
recently, more resolute horn antennas with a central 
frequency of 2000 MHz are also being used and frequency-
based approaches have been developed accordingly [2], [28].  
Several landmark studies on the characterization of the 
ballast-sub-ballast material have been carried out over the 
past years. In [1], a number of laboratory experiments were 
undertaken to characterize the dielectric properties of dry and 
wet railway track ballast in both clean and spent conditions. 
It was argued that best results were achieved using low-
frequency antennas. [29] shows how the mineralogy of the 
ballast stones is a necessary but not sufficient property for 
explaining their EM behavior, due to its dependence on the 
material shape and placement within the track beds. A 
thorough review of the EM characterization of railway ballast 
can be found in [30]. 
II. METHODOLOGY AND OBJECTIVE 
In this paper, the EM behavior of a clean basalt railway 
ballast has been analyzed in dry conditions using several 
GPR instruments, in both ground-coupled and air coupled 
configurations, with different central frequencies of 
investigation spanning from 600 MHz to 2000 MHz. 
Basically, the signals collected have been first processed and 
all the useless information filtered out from the raw signals. 
Then, the relative dielectric permittivity of the air-ballast 
system has been evaluated by means of an estimate of the 
wave propagation velocity within the medium, e.g., [31]. In 
the case of air-coupled antenna systems, the surface 
reflection method (SRM) [32] has been also employed for 
retrieving the permittivity of the medium. The laboratory 
experiments were undertaken in a methacrylate tank wherein 
the ballast was filled and emptied several times, such that 
different scenarios in terms of the arrangement of stones were 
performed.  
The specific objective of this work is therefore aimed at 
analyzing the EM response of this material as a function of 
the frequency of investigation, the system configuration, the 
arrangement of the ballast stones, and the permittivity 
estimate method.  
III. DATA PROCESSING AND THEORETICAL BACKGROUND 
In this Section, an overview of the two main steps 
performed on the raw radar signals collected will be given; 
namely, the signal processing techniques, and the methods 
employed for the estimation of the relative dielectric 
permittivity. 
A. Data Processing Scheme 
A four-step data processing scheme, namely, i) time-zero 
correction, ii) signal stacking, iii) band-pass filtering, and iv) 
zero-offset removal, was applied to the raw GPR signals in 
line with [33], [34]. The above steps were performed in both 
the time (i.e., steps i), ii), and iv)) and the frequency domain 
(i.e., step iii)). Fig. 1 represents the processing scheme 
undertaken and the relevant signals achieved at each of the 
aforementioned steps for one of the radar systems employed 
in this study. 
 
 
 
Fig. 1. Data processing scheme and relevant GPR signals achieved after 
time-zero correction (a), signal stacking (b), band-pass filtering (c), and zero-
offset removal (d) for the data collected with a 1 GHz horn radar system 
 
Firstly, a time-zero correction (Fig. 1a) was applied to 
filter out from the whole received signal all the reflections 
coming from within the radar apparatus, and also to set the 
zero position at the first largest amplitude of the direct wave 
(i.e., the interface between the air and the railway ballast 
surface). In the next step, the signal was averaged (stacked) 
over 100 traces (Fig. 1b), in line with the overall 
recommendations given in [35]. Indeed, by stacking several 
traces collected from the same position, the contributions 
from the target medium increase, whereas the random noise 
tends to reduce. Subsequently, a band-pass filtering (Fig. 1c) 
was performed on the signal spectrum in the frequency 
domain after applying a Fast Fourier Transform (FFT) to the 
time-domain signal processed at the previous step. A pass 
bandwidth of 1.5 times the central frequency was considered 
for all the antennas used in this study [36]. Finally, a zero-
offset removal was applied after having back converted the 
signal from the frequency to the time domain (Fig. 1d), such 
that A-scan signals with a mean equal to zero have been 
achieved. 
B. Dielectric Permittivity Estimate 
The relative dielectric permittivity εr of the multi-phase 
system consisting of air voids and ballast stones (from now 
on referred to as “ballast system”) was retrieved by means of 
an estimate of the wave propagation velocity v throughout the 
known thickness h of the material, which filled up the whole 
volume of the tank. In more detail, by measuring the time 
delay Δt between the signal pulse reflections relative to the 
surface and the foundation of the ballast system, v can be 
estimated as v = 2h/Δt. The relative dielectric permittivity εr 
can be then calculated by changing the above expression of v 
into the following relationship: 
εr= c v
2            (1) 
where c is the speed of light in free space. Such a method 
(from now on referred to as “time-domain signal picking” 
(TDSP)) was used for the permittivity estimates on the data 
collected with both the radar systems and available 
frequencies . 
Concerning the data arising from the use of the horn 
systems, the permittivity of the ballast system was also 
assessed by means of the SRM approach [32], as follows: 
εr=
1+APEC Am⁄
1-APEC Am⁄
2
  (2) 
where A0 is the maximum absolute signal amplitude reflected 
at the interface of the air/ballast surface, and APEC is the 
maximum absolute amplitude reflected by a metal plate 
placed at the bottom of the ballast and larger than the GPR 
footprint, which acts as a perfect electric conductor (PEC).  
IV. EXPERIMENTAL FRAMEWORK 
A. Experimental Design 
The experimental design is aimed at characterizing the 
clean basalt ballast used herein in dry conditions by analyzing 
its EM behavior for a combination of several parameters; 
namely, i) radar systems, ii) frequencies of investigation, iii) 
scenarios of ballast stone arrangements, and iv) methods of 
dielectric permittivity estimation. Preliminary analyses were 
undertaken with all the GPR systems available to ensure that 
the investigated domain might be assumed to be horizontally 
infinite, thereby allowing the manufacture of a tank within 
which border effects can be neglected. 
B. Tools and Equipment 
The experimental tests were carried out using ground-
coupled and air-coupled pulsed radar systems [36], all 
manufactured by IDS Ingegneria dei Sistemi S.p.A. (Fig. 2). 
The RIS 99-MF Multi Frequency Array Radar-System, 
allowed the collection of data with 600 MHz and 1600 MHz 
central frequency antennas. Such a system is capable of 
performing measurements with four channels, i.e., two 
mono-static and two bi-static. In this study, the 600 MHz and 
1600 MHz mono-static signals, collected within a time 
window of 40 ns, are considered. Moreover, three air-coupled 
devices with central frequencies of 1000 MHz (RIS Hi-Pave 
HR1 1000), and 2000 MHz (RIS Hi-Pave HR1 2000 and 
2000 NA) were used. Time windows of 25 ns and 15 ns were 
set for, respectively, the 1000 MHz and the 2000 MHz 
systems. With regard to the latter frequency, a depowered 
version of the horn antenna for the North-American (NA) 
market was here employed. The railway ballast was 
investigated within a square-base methacrylate tank, with an 
outer base side and height of, respectively, 1.55 m and 0.55 
m (Fig. 3), and inner dimensions of 1.47 m for both the base 
sides and 0.476 m for the height. The tank was laid above a 
2 m × 2 m copper sheet PEC, which allowed for complete 
reflection of the waves propagating through the investigated 
material. 
 
 
 
Fig. 2. GPR instruments used for testing: ground-coupled multi-channel 
radar system (a), and air-coupled horn radar systems (b) 
 
 
 
Fig. 3. Setup for a laboratory measurement performed with an air-coupled 
radar system 
C. Materials and Laboratory Testing 
Basalt stones, typically employed for the construction of 
railway ballast structures [37], were used for testing. Table 1 
summarizes the main geometrical, physical, and performance 
properties of the material investigated. 
TABLE I.  MAIN GEOMETRICAL, PHYSICAL, AND PERFORMANCE 
PROPERTIES OF THE RAILWAY BALLAST STONES USED FOR THE 
LABORATORY TESTS 
Geometrical, 
physical, 
performance 
property 
Regulation Reference unit Value 
Grain size 
EN 933-1: 2012 
[38] 
% passing vs. 
sieve size (mm): 
80 -63 -50 -40 -
31.5 – 22.4 
100 – 100 
-79.9 – 
30.6 – 1.2 
– 0.3 
Fine particles 
content 
EN 933-1:2012 
[38] 
% passing vs. 
sieve size (mm): 
0.063 
0.5 
Resistance to 
fragmentation 
EN 1097-2:2010 
[39] 
% L.A. coeff. 20.0 
Moisture 
CEN ISO/TS 
17892-1:2005  
[40] 
% 0.2 
Particle 
density 
EN 1097-6:2013 
[41] 
g/cm3 2.8 
Percentage of 
voids 
EN 1097-3:1998 
[42] 
% 41.0 
Overall, 1 test was carried out with the ground-coupled 
radar system, which allowed the  collection of 100 traces for 
each relevant frequency. Calibration measurements 
complying with [35] were developed for the air-coupled 
radar systems, thereby allowing a reference distance of 0.40 
m between the base of the GPR apparatus and the PEC to be 
set. That distance was therefore maintained between the base 
of each air-coupled apparatus and the surface of the ballast 
system. Three scenarios of ballast stone arrangement were 
reproduced by filling up and emptying the tank, and 
measurements were carried out accordingly for each of the 
three air-coupled systems, such that 9 tests were developed. 
V. RESULTS AND SHORT DISCUSSION  
A. Ground-Coupled Antenna Systems 
In Fig. 4 the relative dielectric permittivity estimates of 
the ballast system, performed in line with Eq. (1), are 
represented. The TDSP method was applied here to both the 
raw and the processed signals from the 600MHz-600MHz 
and the 1600MHz-1600MHz mono-static channels.  
 
 
 
Fig. 4. Relative dielectric permittivity estimates (raw and processed) for the 
600 MHz and 1600 MHz central-frequency acquisitions 
 
The main mismatch between raw and processed data is in 
the case of the higher frequency, where the incidences of 
residuals (i.e., the percentage ratio of the difference between 
raw and processed dielectric permittivity values, and the 
corresponding raw value of dielectrics) are equal to 37.18% 
and 1.39% for, respectively, the 1600 MHz and the 600 MHz 
central frequencies. The application of the data processing 
scheme led to identical values of εr. It is nevertheless worth 
noting that the processed values of permittivity are 1.0÷1.5 
units higher than those of similar materials from the literature, 
i.e., [1], [28]-[29], thereby indicating that such an antenna 
type is not well-suited for characterization purposes and for 
measuring the permittivity of rail ballast. A possible reason 
may be related to the effects of ringing, due to the difficulty 
of keeping the radar apparatus within one-eighth of the two 
antennas’ wavelengths above the rough surface of the ballast 
[43]. In such a case, the low directivity of the antennas make 
these GPR systems more sensitive to the coarse grain size of 
the material and to edge effects, which may both affect the 
value of permittivity [44]. 
B. Air-Coupled Antenna Systems 
Fig. 5 shows the permittivity values assessed for the 
combination of each of the three air-coupled systems and the  
 
 
Fig. 5. Relative dielectric permittivity estimates (raw and processed) for the 
1000 MHz, 2000 MHz, and 2000 MHz (NA) central-frequency acquisitions 
 
three scenarios of ballast system. Such values are in line with 
those provided in the literature, with the exception of the raw 
and processed dielectrics of the first scenario with the 2000 
MHz (NA) antenna, which have been excluded from the 
statistics as outliers. Lower peaks of variability of the 
permittivity have been achieved for the whole set of 
frequencies within each scenario (i.e., σεr 0.01÷0.13), 
while higher peaks are found for each frequency fj across the 
three scenarios si (i.e., σεr 0.11÷0.19). It is then reasonable 
to argue that a variation in the arrangement of the clean 
ballast stones in dry conditions, as reproduced here by each 
scenario si, may affect permittivity values more than using 
multiple frequencies, within those available herein. 
Concerning the impact brought by the use of several 
frequencies across the three scenarios investigated (i.e., the 
trend of the average permittivity εr in the fourth grey column 
of Fig. 5), it can be broadly argued that the higher the central 
frequency of investigation, the higher the value of 
permittivity. In line with this and according to the processed 
data alone, εr ranges from 3.69 (i.e., 1000 MHz) up to 3.87 
(i.e., 2000 MHz (NA)). With regard to the effects on εr of the 
data processing scheme applied, it is worth noting a slight 
increase in the average permittivity values εr of the processed 
data, in both the amounts observed across the various 
scenarios si (same frequency: ∆εr proc-raw  = 0.2÷0.6; i.e., 
fourth grey column in Fig. 5) and frequencies fj (same 
scenario: ∆εr proc-raw   = 0.3÷0.8; i.e., last two grey rows in Fig. 
5) used. In this regard, Fig. 6 shows the incidences of 
residuals between processed and raw data for any 
combination of fj and si. Such data confirm that the 
processing scheme returns mostly higher dielectrics, whose 
incidence of residuals does not exceed 3%.  
In Fig. 7, the processed values of εr with the TDSP 
technique are compared with the corresponding dielectrics 
achieved with the SRM approach. It is clear how the former 
method returns broadly lower values of εr with respect to the 
peak-to-peak estimates, and appears to be unsuitable for 
characterizing clean basalt stones in dry conditions across the  
 
 
Fig. 6. Incidence of residuals between processed and raw data 
 
 
 
Fig. 7. Relative dielectric permittivity estimates (processed) for the 1000 
MHz, 2000 MHz, and 2000 MHz (NA) central-frequency acquisitions 
using the TDSP and the SRM methods 
 
thickness defined by the investigation domain. This may 
reasonably be due to a higher sensitivity of the SRM towards 
the roughness in the grain size of the ballast at the interface 
between the air and the ballast system. This is confirmed by 
the highest permittivity estimates reached with the SRM in 
the case of the 1000 MHz central frequency (i.e., εr 1GHz = 
2.56 against εr 2GHz = 1.74 and εr 2GHz_NA = 1.66 ), whereby 
the relevant wavelength is higher than those of the 2000 MHz 
GPR systems.  
VI. CONCLUSIONS 
In this paper, ballast material typically employed in rail 
track bed construction has been characterized. Laboratory 
tests have been carried out over a methacrylate tank, which 
was filled up and emptied with basalt stones several times, 
thereby providing different scenarios of ballast stone 
arrangement. Four GPR systems and five different antenna 
frequencies have been used. The impacts brought to the 
estimate of relative dielectric permittivity by the combination 
of several i) radar systems, ii) frequencies of investigation, iii) 
scenarios of stone arrangement, and iv) methods of dielectric 
permittivity estimate, have been analyzed. 
The results have shown that ground-coupled GPR 
systems with 600 MHz and 1600 MHz central frequencies of 
investigation return values of dielectric permittivity higher 
than those of relevant studies in the literature, and likely 
ringing effects may be the cause of this. On the contrary, 
values in line with the literature have been found for air-
coupled GPRs. A strong impact on the permittivity is brought 
by the variation of ballast stone arrangements using the same 
frequency, while minor variations are encountered when 
using multiple frequencies within the same scenario. In 
addition, higher permittivity estimates are found for higher-
frequency investigations once the processing scheme 
discussed above is performed. Finally, the use of the SRM 
turned out to be not suitable for characterizing ballast 
material due to both its coarse grain size and the depth of the 
domain of investigation in this study. 
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